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 2 
Abstract 30 
 31 
In this work, appropriate management practices for crop production under the variable 32 
climate conditions of the Mediterranean region, in particular rainfall, were tested with 33 
the use of a modelling system applied to long-term (i.e. 18 years) field data. The 34 
calibration of the CropSyst model was performed using data collected from 1996 to 35 
1999 at three different Mediterranean locations (i.e., HYP-Guissona, MYP-Agramunt 36 
and LYP-Candasnos, i.e. high, medium and low yield potential, respectively) within a 37 
degree of yield potential. The model simulated reasonably well barley growth and yield 38 
to different tillage and N fertilization strategies.    39 
Simulations of barley performance over 50 years with generated weather data showed 40 
that yields were often greater and never smaller under no-tillage compared to 41 
conventional tillage with a mean increase of 36%, 63% and 18% for HYP-Guissona, 42 
MYP-Agramunt and LYP-Candasnos. In MYP-Agramunt, the long-term data showed a 43 
40% increase in grain yields when using no-tillage compared to conventional tillage, as 44 
an average of 18 years.  45 
The model also predicted that greater N applications in no-tillage were appropriate to 46 
take advantage of additional water supply. Taking into account the limited amount of 47 
soil water available, overall N fertilizer applications could be reduced to about half of 48 
the traditional rate applied by the farmers without yield loss. The 50-yr simulation, 49 
confirmed by the long-term experimental data, identified no-tillage as the most 50 
appropriate tillage practice for the rainfed Mediterranean areas. Also, N fertilization 51 
must be reduced significantly when tillage is used or when increasing aridity. Our work 52 
demonstrates the usefulness of the combination of long-term field experimentation and 53 
modelling as a tool to identify the best agricultural management practices. It also 54 
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highlights the importance of posterior analysis with long-term observed field data to 55 
determine the performance of simulation results. 56 
 57 
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1. Introduction 63 
In the semiarid Mediterranean region of the Ebro river valley (northeast Spain), 64 
dryland agriculture is based on continuous cropping of winter cereals (mainly barley and 65 
wheat). In these areas, rainfall is usually low and erratic with significant high 66 
evapotranspiration rates. These typical climate characteristics constrain crop 67 
productivity due to the shortage of available water during prolonged periods (Austin et 68 
al. 1998; Ryan et al. 2006). Consequently, attending to these highly variable climatic 69 
conditions, it is difficult to recommend suitable agronomic strategies (Stewart and 70 
Robinson 1997, Giambalvo et al. 2014) and specially based on short-term 71 
experimentation (Peterson et al. 2011).  72 
Two management practices, tillage and nitrogen (N) fertilization are, however, 73 
appropriate targets to improve profitability and reduce environmental impacts of 74 
cropping practices. First, they are important determinants of crop yield and are suitable 75 
technologies to be developed in Mediterranean areas (Cantero-Martínez and Gabiña, 76 
2004; Ryan et al. 2009). As inputs, they account for more than 40-50% of the cost of 77 
crop production (Cantero-Martínez et al. 1995a). Second, the major environmental 78 
challenges in the region are to reduce soil erosion (Grove 1996) and N losses (Ryan et 79 
al. 2009). Reduced and no-tillage were introduced in the area 35 years ago, with evident 80 
success in controlling erosion but with limited acceptance by farmers since its adoption 81 
requires confidence in the long-term performance of the system, including adjustment of 82 
N fertilization due to modifications in the water and nitrogen balances (Moreno et al. 83 
2010). According to this last, Pittelkow et al. (2014) stated in a meta-analysis the 84 
importance and interest of those soil management systems and the need to determine 85 
locally their suitability.   86 
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Few years ago, the impact of tillage and N fertilization management on crop 87 
performance was analysed in Mediterranean dryland conditions (Cantero-Martínez et al. 88 
2003; Angás et al. 2006; Morell et al. 2011). Though these studies provided valuable 89 
observed data during three growing seasons, the conclusions and recommendations 90 
obtained were taken with caution. The short length of the experimental period (only 91 
three growing seasons) limited the possibility of obtaining robust conclusions in these 92 
areas with highly-variable climate conditions, making difficult the establishment of 93 
appropriate cropping strategies with only few years of experimental data. According to 94 
this, in dryland Mediterranean conditions, strong recommendations for crop 95 
management would require a large number of experimental years with time and cost 96 
associated. The combination of experimental work with the use of crop simulation 97 
models may help to overtake this limitation. Crop simulation models that integrate the 98 
effects of crop, environment and management to predict crop yield can be used to 99 
evaluate different management options over long periods using historical or generated 100 
weather data. When evaluated over the long term, crop models can be used to build 101 
probability graphs to assess technology options and to analyse their interactions 102 
regarding the productivity and sustainability of agricultural systems.  103 
CropSyst (Stöckle and Nelson 1998) is a crop model suitable for simulating yield, 104 
taking into account crop characteristics and the relevant crop and soil processes. 105 
CropSyst includes ClimGen that is a complement which is able to generate long-term 106 
daily weather data by reproducing the observed variability in short-term climate data 107 
(Acutis et al. 1999). CropSyst and Climgen have been successfully used for various 108 
crop-environment combinations in semiarid conditions, e.g. Pala et al. (1996) for durum 109 
wheat in northern Syria (3 years simulation), Donatelli et al. (1997) for crop rotations at 110 
two locations in Italy (6 years simulation), Ferrer-Alegre et al. (1999) for irrigated corn 111 
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in the Ebro river valley in Spain (30 years simulation), Marcos et al. (1999) for a 112 
number of crops in dryland conditions in the western United States (2 years simulation), 113 
Díaz-Ambrona et al. (1999) for a winter cereal-legumes rotation in the central dryland 114 
area of Spain (15 years simulation), and Sadras (2002) in southern Australia to evaluate 115 
the problem of terminal drought during grain filling (40 years simulation). All of them 116 
with moderate success in the performance of the CropSyst model, but no previous 117 
attempt has been made to use CropSyst to predict crop yield under different tillage and 118 
N fertilization strategies in this Mediterranean conditions. 119 
The objectives of this work were: (i) to evaluate the ability of the CropSyst model 120 
to simulate growth, yield and water use in a barley monocropping dryland system under 121 
various tillage and N fertilization regimes; and (ii) to analyse the best tillage and N 122 
fertilization combinations that might form the basis of recommended long-term 123 
cropping strategies in Mediterranean dryland areas. 124 
 125 
 126 
2. Materials and Methods 127 
2.1 Location and selected sites 128 
The Ebro river valley (about 40.000 km
2
) is a wide region in northeast Spain, 129 
highly representative of the arid and semiarid Mediterranean area. Mean annual rainfall 130 
ranges from 250 to 500 mm, 60% of which occurs between September and January. 131 
Generally, soils are loamy and clay loamy with available soil water capacity ranging 132 
between 80 and 250 mm depending on site and soil depth. Mean annual air temperature 133 
ranges between 13.0 and 14.5 ºC.  134 
In this study, three sites located within the Ebro river valley were selected. These 135 
three sites covered the main climate and soil conditions of the area. They represented 136 
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the major cropping systems in the region covering the gradient of yield potential of the 137 
area.  138 
 139 
2.2 Field experiments  140 
Experimental data from three field experiments and three growing seasons (i.e., 141 
1996-1999) were used to evaluate the performance of the model. A detailed description 142 
of the field experiments, their agronomic evaluation and the physical and chemical 143 
characteristics of the soils were provided in Cantero-Martínez et al. (2003). The three 144 
experimental fields were established in 1996. Briefly, field experiments were located at 145 
Guissona (41º46’N, 1º16’E, 490 m.a.s.l), Agramunt (41º48’N, 1º07’E, 330 m.a.s.l) and 146 
Candasnos (41º30’N, 0º08’E, 280 m.a.s.l), which vary in the amount of rainfall and 147 
water holding capacity of their soils, representing a decreasing gradient of yield 148 
potential (Table 1). According to this gradient, Guissona, Agramunt and Candasnos 149 
were considered as representative sites of high (HYP), medium (MYP) and low (LYP) 150 
yield potential, respectively. The experimental field located in Agramunt was 151 
maintained under the same conditions and with the same treatments until the 2013-2014 152 
growing season. The 18-year dataset of the Agramunt experiment was used to evaluate 153 
the ability of the model as a decision tool for management practices over the long-term.  154 
In all three experimental fields, three tillage systems (i.e., conventional tillage, CT; 155 
minimum tillage, MT, and no-tillage, NT) and three mineral N fertilization rates were 156 
tested. The three N fertilization rates consisted in high (150, 120 and 100 kg N ha
-1
), 157 
medium (75, 60 and 50 kg N ha
-1
), and control (no N applied) rates at HYP, MYP and 158 
LYP locations, respectively. On each area, the traditional N fertilizer rates applied by 159 
farmers correspond to the high rates tested in the corresponding field experiment. Pre-160 
sowing applications were carried out with ammonium sulphate while ammonium nitrate 161 
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was used at tillering. For this study, only CT and NT treatments were considered. The 162 
CT treatment consisted of one mouldboard plow pass (25-30 cm depth) plus one or two 163 
cultivator passes (15 cm depth) before sowing, during August and September depending 164 
on soil moisture. In the NT treatment, sowing was performed by direct drilling after 165 
spraying with herbicide (1.5 L 36% glyphosate [N-(phosphonomethyl)-glycine] plus 1 L 166 
of 40% MCPA (2-(4-chloro 2-metilfenoxi) acetic acid) per ha). In the CT treatment and 167 
at all three sites, crop residues were incorporated into the soil with tillage operations and 168 
the soil remained bare after tillage. Under NT, crop residues were maintained 169 
throughout the study period, and at MYP and LYP locations stubble was left and straw 170 
was chopped and spread on the soil. At HYP, however, due to the high amount of crop 171 
residues, the stubble was left but the straw was removed after harvest in order to 172 
facilitate the establishment of the next crop. Daily maximum and minimum 173 
temperatures and rainfall were collected from the nearest weather stations (1 to 6 km 174 
far) of the National Weather Institute of Spain (INM). Representative soil data from the 175 
upper 25 cm layer used for the simulations are shown in Table 1. Stoniness (30%) was 176 
taken into account at LYP location to calculate the actual soil water content.  177 
2.3 Overview of the CropSyst model and its evaluation  178 
The version 4.09.01 of the CropSyst model (Stöckle and Nelson, 1998), which 179 
includes modules for soil water and nitrogen balances, crop phenology, root growth, leaf 180 
area index, biomass and yield, crop residue decomposition and soil erosion, was used 181 
for this analysis. The CropSyst model simulates the performance of individual crops or 182 
crop rotations, and it was developed as a tool for predicting the effect of management 183 
practices on crop production and the environment (Donatelli et al. 1997; Stöckle and 184 
Nelson 1998). The model requires inputs of daily climate data, soil type and information 185 
about crop management such as N fertilization, irrigation, crop type, cultivar, tillage, 186 
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and residue management. Crop phenology is simulated by air temperature and 187 
photoperiod. The model simulates light and water effects on crop growth based on the 188 
radiation and transpiration-use-efficiency concepts (Monteith 1977; Tanner and Sinclair 189 
1983). Calculations of soil water content are the result of the water balance including 190 
evaporation, transpiration and runoff and drainage components. Potential 191 
evapotranspiration was calculated by the Priestley-Taylor (P-T) equations. Total solar 192 
radiation was estimated from the air temperature (Bristow and Campbell 1984). The 193 
value for the aridity factor (used to correct the constant that computes maximum 194 
daylight vapour pressure deficit) was set to 0.04. The value for the P-T constant (which 195 
is a proportionality factor that compensates for the elimination of the aerodynamic 196 
component of the Penman Montheith model) was set to 1.35 (Ferrer-Alegre et al. 1999). 197 
Soil moisture and soil temperature are considered by the model to calculate a daily soil 198 
organic matter decomposition rate.  199 
The model was adjusted through a non-dimensional parameter between 0.6 to 1.8 200 
depending on the tillage treatment and site. For estimations in the model, a complete 201 
recharge of the soil water content at field capacity in the winter of the first growing 202 
season was considered (Cabalguenne and Debaeke 1995). The model estimates grain 203 
yield through the harvest index that is responsive to water stress.  204 
The model was parameterized using the published data in Cantero-Martínez et al. 205 
(2003) and Angás et al. (2006) for the NT and CT treatments and high and low N 206 
fertilization rates during the 1996 to 1999 period. Table 2 lists the selected values of 207 
different crop parameters after the parameterization process and for each experimental 208 
field. In most cases, the parameters were estimated from phenological and physiological 209 
data of the cultivars collected in the experiments (i.e. crop development, biomass 210 
accumulation, time course of leaf area index, and yield components).  211 
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The performance of the model was evaluated with the calculation of the relative 212 
root mean square error (rRMSE), the mean deviation (MD) and its efficiency (EF): 213 
       
   
  
 
 
 
          
 
   
 
    
 
  
         
 
   
 
    
         
           
  
   
 
   
          
 
   
 
Where n is the number of observations, Si and Oi are the simulated and the observed 214 
values, respectively and    is the mean of the observed values. 215 
2.4 Fifty-year simulation and long-term assessment  216 
After model parameterization and evaluation, CropSyst was used to simulate 50 217 
growing seasons of barley continuous cropping for each site without yearly re-218 
initialization. The ClimGen weather generator was tuned with the available weather data 219 
for the three sites (i.e., 25 years for the MYP site and 15 years for both HYP and LYP 220 
sites) and then used to generate 50 years of weather data for each of the three sites. For 221 
the three locations, soil characteristics were the same as those used when validating the 222 
model. Initial soil mineral nitrogen and soil water content were the same for all tillage 223 
and N fertilizer treatments, but varied for locations, being set to the average of the 224 
measurements at the beginning of each experiment. To run the long-term simulation, 225 
sowing was fixed on November 1
st
, which represents the average of the traditional range 226 
of sowing dates in the area. The date of N fertilizer application was set equally for all 227 
three locations (October 8
th
 for pre-sowing applications and February 15
th
 for top-228 
dressing N application at tillering). Nitrogen losses as ammonia volatilization and 229 
nitrate leaching were calculated by the model. Ammonia losses were considered the 230 
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same for both tillage systems. Mouldboard plowing was dated at September 1
st
 and 231 
cultivator tillage at September 21
st
. For the long-term simulation, crop yield, biomass, 232 
soil water content, crop water use (WU) and water-use efficiency (WUE) were 233 
analysed. To assess the performance of each technological practice (tillage and N 234 
fertilizer rate), the cumulative probability expressed as the probability of exceeding the 235 
crop yield was calculated (Cantero-Martínez et al. 1995b). Experimental data measured 236 
in the MYP field experiment, which was maintained for 18 years (until the 2013-14 237 
season), was used to compare and assess the 50-year simulation with the measured data 238 
through the cumulative probability curves.  239 
240 
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3. Results 241 
3.1 Model evaluation  242 
Model performance evaluated through the EF statistic reached 0.71, 0.75 and 0.46 243 
for soil water content, aerial biomass and grain yield, respectively. For the same 244 
variables, rRMSE was 24, 41 and 43%, respectively. MD was 0.005 m
3
 m
-3
 for soil 245 
water content and 274.8 and 39.6 kg dry matter ha
-1
 for the aerial biomass and grain 246 
yield, respectively (Table 3).  247 
At the HYP site, crop biomass in the unfertilized treatment was underestimated 248 
during the second year in NT and during the second and third years in CT (Fig. 1). At 249 
this HYP site, in general, crop biomass values predicted by the model for NT were close 250 
to the observed values. However, the model underestimated crop biomass in the CT 251 
treatments (Fig. 1). During the 1998-1999 season (i.e., 900 days after the first sowing), 252 
the model overestimated the effect of drought, when annual rainfall was an 18% lower 253 
than the annual average (i.e. 475 mm). This trend was particularly significant in the CT 254 
treatments (Fig. 1). Contrarily, during the three growing seasons, the model simulated 255 
acceptably well crop biomass at the MYP location for all fertilization treatments, and 256 
only in CT, biomass was underestimated by 10 % at the end of each growing season. At 257 
LYP, the model performed well for CT but was not able to simulate the negative effect 258 
of pests on biomass growth the last two years in NT (Fig. 1). Leaf area index (data not 259 
shown) was simulated less accurately than biomass, and was overestimated by 10-15 % 260 
in the N fertilized treatments and by 40-50% under no fertilized treatments.  261 
During the three studied years, simulated values for soil water content (SWC) 262 
agreed reasonably well with observed values (Fig. 2). Two exceptions were observed. 263 
First, on day 400 after first sowing, at HYP in NT0, simulated SWC was lower than 264 
observed values. This time period corresponded to the summer of 1997 when wet 265 
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conditions resulted in the rapid growth of weeds. The second exception was at HYP in 266 
CT0 in which predicted total SWC was underestimated from day 600 to the end of the 267 
cropping season. In this treatment, the model simulated high evaporation rates in the 268 
shallow soil layer leading to the underestimation of total SWC with values below 269 
wilting point. The significant low SWC simulated in the HYP CT0 treatment affected 270 
the crop biomass predicted (Fig. 1). In general, at LYP and in both NT0 and CT0, the 271 
model overestimated SWC up to 15 % with higher differences between observed and 272 
simulated values in NT than in CT.  273 
In general, the CropSyst model simulated reasonably well crop yield (Table 3) with 274 
a deviation lower than 15% (Fig. 3). Some exceptions occurred such as the last 275 
simulated year (i.e., 1999) in which the model greatly underestimated crop yield. In the 276 
LYP site, yield was optimally simulated in CT but in NT the model overestimated crop 277 
yield about 30% (Fig. 3).   278 
 279 
3.2 Long-term simulation 280 
The results of 50-year simulation with CropSyst showed differences in crop yield 281 
and water use among tillage systems and N fertilization rates (Fig. 4).  282 
At the HYP site, for any level of water used, higher crop yields were simulated in 283 
NT than in CT (Fig. 4). The predicted average yield was 37% higher under NT than 284 
under CT, and more than 50% higher if only N fertilized treatments were considered 285 
(Fig. 5). For this site and according to the model, there was no response to N 286 
fertilization under CT, but a positive response for NT (from 0 to 75 kg N ha
-1
). At this 287 
location, the probability of obtaining a given crop yield was always higher in NT than in 288 
CT (Fig. 6). At the MYP site, in the range of 200 to 300 mm of water used, the model 289 
predicted the greatest crop yield under NT. However, when water use increased to 350-290 
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400 mm differences between NT and CT were reduced (Fig. 4). Average yields were 291 
63% higher in NT than under CT and 89% higher if only N fertilized treatments were 292 
considered (Fig. 5). As observed in the HYP location, there was a positive response to N 293 
fertilization in NT and also the probability of exceeding a given yield was always 294 
greater for NT (Fig. 6). At LYP location, simulated water use by the crop was low with 295 
predicted values ranging between 100 and 300 mm. The low water use predicted by the 296 
model resulted in low crop yields with a null probability of obtaining more than 1.75 t 297 
ha
-1
 (Fig. 6). At this location, the two tillage treatments did not differ significantly on 298 
water use (Fig. 4). Simulated average yield was 18% higher under NT than under CT, 299 
and there was no response to N fertilization under either tillage system (Fig. 5). The 300 
expected yield with 50% probability was about 0.6 t ha
-1
 in CT and 0.75 t ha
-1
 in NT 301 
(Fig. 6). The unfertilized condition showed the highest probability of obtaining a given 302 
yield because of the strong drought conditions at this location.  303 
Simulated crop water-use efficiency followed the same pattern since high crop 304 
yields were related to high WUE (Fig. 7). Simulated WUE ranged between 6 and 9 kg 305 
ha
-1
 mm
-1
 at HYP, 4 and 12 kg ha
-1
 mm
-1
 at MYP and 3 and 3.5 kg ha
-1
 mm
-1
 at LYP. 306 
Greater WUE was simulated in NT because of the lower evaporation/transpiration ratio. 307 
At HYP and MYP locations, simulated WUE was higher in NT and when N fertilization 308 
was applied at medium and high levels according to yield potential. At LYP location, 309 
the model predicted minor WUE differences between tillage systems and without 310 
response to N fertilization (Fig. 7).  311 
Simulated NUE was high in HYP and MYP (80% and 70% respectively) and much 312 
lower in LYP (ranging between 23% and 37% for CT and NT, respectively). The 313 
increase of N rate diminished the simulated NUE by an 8%, 10% and 15% in HYP, 314 
MYP and LYP, respectively. Simulated nitrate leaching was low in the MYP and HYP 315 
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sites, with values ranging between 1 and 10 kg NO3
-
-N ha
-1
 yr
-1
 without significant 316 
differences between tillage systems. In LYP, simulated nitrate losses were higher, being 317 
21 and 51 kg NO3
-
-N ha
-1
 yr
-1
 for the medium and high N rate, respectively, without 318 
differences between tillage systems. Simulated N mineralization attained 47, 48 and 61 319 
kg N ha
-1
 yr
-1
 in LYP, MYP and HYP, respectively, showing differences between tillage 320 
systems only in MYP with 47 and 57 kg N ha
-1
 yr
-1
 under CT and NT, respectively.  321 
Figure 8 compares crop yield cumulative probability calculated from the 18-year 322 
observed data with the 50-yr crop yield cumulative probability predicted by the model 323 
for the MYP site. Simulated values showed great similarities with observed ones. Both 324 
suggest a greater probability of getting higher yields under NT than CT and greater crop 325 
yield response to medium rates of N fertilizer (i.e. 60 kg N ha
-1
) compared to the control 326 
without nitrogen.   327 
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4. Discussion 328 
4.1 Model performance as a tool for agricultural practices decision  329 
The model simulated grain yield and WUE with a deviation lower than 15%. The 330 
two exceptions were observed during the last simulated year (i.e., 1999) when drought 331 
conditions were overestimated at HYP in CT and when crop stress due to pest attack at 332 
LYP in NT was not predicted by the model (Fig. 3). Furthermore, at MYP, fungi 333 
affected the experiment during the first year, which could explain the slight differences 334 
between observed and simulated values. These differences were not recorded in CT, 335 
which was less affected by fungi. However, fungi attacks leading to economic losses are 336 
rare under rainfed winter cereal production in the Ebro valley given the dry conditions 337 
during most of the crop development period and the low profitability. At MYP, the 338 
model simulated yield better than at HYP in the last year (dry year). At LYP, yield was 339 
optimally simulated in CT. In NT, treatments were greatly affected by pests, and 340 
average simulated yield was 30% higher than that observed.  341 
At the HYP site, the simulated average yield for the first two years was 3342 kg ha
-
342 
1
 (average of all treatments), slightly lower than the obtained 3500 kg ha
-1 
(Fig. 3). 343 
Similar limitations due to the climatic variability of these Mediterranean conditions for 344 
simulating yield, WUE and nitrogen use efficiency (NUE) have been reported by Pala et 345 
al. (1996) using the CropSyst model and by Asseng et al. (2001) using the APSIM 346 
model. This is congruent with the results obtained in other works for the same 347 
conditions for yield and WUE (Harris 1995; Cantero-Martínez et al. 2007; Pala et al. 348 
2007).  349 
In the years in which soil water recharge was not a limiting factor, the model 350 
simulated well soil water content. However, in dry years (i.e., 1999), soil water content 351 
was not well simulated mainly because CropSyst overestimated soil evaporation. The 352 
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model considers that the small amount of water that arrives to the soil surface is not able 353 
to infiltrate to deeper layers and consequently is more susceptible to be lost by 354 
evaporation. Other cause for such disagreement between observed and simulated data 355 
could probably be related to the very high evaporation of the surface layer resulting 356 
from the low amount of crop residues and to the incidence of pests that reduced the 357 
amount of crop biomass during the growing season particularly in NT. 358 
Comparison of yield cumulative probability curves between the 50-years simulation 359 
and 18-years observed data in MYP suggests a very good model performance (Fig. 8). 360 
However, despite this good agreement, the 18-years crop yield observed data showed 361 
less response to medium and high N fertilization rates than the simulations carried out 362 
by the model. In similar studies which used CropSyst and other crop models to simulate 363 
crop growth in Mediterranean conditions, the same behaviour has been observed. In arid 364 
and semiarid conditions, Collins et al. (2008) and Ryan et al. (2009) suggested that 365 
biological and other not well understood processes that affect soil organic matter and N 366 
mineralization cycle may determine available N for the crop and, finally, crop yield.      367 
 368 
4.2 Soil management approach for these conditions  369 
The agreement between simulated and observed data was better for NT than for CT. 370 
The difference between tillage systems was more apparent when analysing the effect of 371 
drought on biomass accumulation. The CropSyst model simulated better drought effects 372 
on biomass in NT than in CT. During the driest year (i.e., 1999), crop yield and biomass 373 
were fairly well simulated for the NT unfertilized treatment but the model 374 
underestimated the NT high N rate treatment. In both cases, soil water content was well 375 
simulated. Therefore, there is the possibility that the model did not simulate well the 376 
response to N applications. This fact would explain the lack of adjustment in the NT 377 
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high N rate treatment. This lack of response could be explained by some water uptake 378 
by the crop from below 100 cm depth, which was introduced as a threshold depth for 379 
water uptake in the model. Another reason could be that air temperature and rainfall 380 
were the only data used to calculate potential evapotranspiration. Stöckle et al. (1997) 381 
found an underestimation of sorghum yield using the Priestley-Taylor (P-T) submodel 382 
instead of the Penman-Montheith (P-M) submodel. This was probably because the P-T 383 
submodel calculates vapour pressure deficit (WPD) from temperature and the P-M 384 
model from air moisture, and WPD is directly correlated with crop biomass and yield in 385 
water-limited situations. During the year 1999, the overestimation of the soil 386 
evaporation from topsoil layers promoted an overestimation in the evapotranspiration 387 
that affected crop biomass and yield in the CT treatments. Consequently, the model 388 
simulated low water use by the crop, resulting in crop failure. However, the observed 389 
soil water content was higher than the modelled and, thus, observed grain yields greater 390 
than the predicted (Fig. 3). Wythers et al. (1999) suggested that the real process of soil 391 
evaporation is more complex than the one used by models, and that soil texture and the 392 
lapse of time since the last wetting could play an important role in the quantification of 393 
the amount and intensity of soil evaporation.  394 
Yield potential in Mediterranean areas is limited by water availability to the crop. 395 
Conservation tillage systems as NT are capable to maintain and improve crop yields 396 
(Hernanz and Sánchez-Girón 1988; López-Bellido et al. 1996; López and Arrúe 1997; 397 
Mrabet 2000; Pala et al. 2000; Lampurlanés et al. 2001; Cantero-Martínez et al. 2003; 398 
Cantero-Martínez and Gabiña 2004; Cantero-Martínez et al 2007; López-Garrido et al 399 
2014). Most of the works referenced above were carried out in short- or mid-term field 400 
experiments in the Mediterranean basin. Only in the LYP site, results did not show a 401 
clear advantage of NT compared to CT because of the already mentioned pest 402 
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occurrence (Cantero-Martínez et al. 2003; Angás et al. 2006; Cantero-Martínez et al. 403 
2007). Also, in Mediterranean areas with low yield potential, low crop yields and thus 404 
limited amount of crop residues result in a key limitation to the proper functioning of 405 
the conservation tillage systems due to the lack of a proper soil cover (Radford et al. 406 
1992; Thomas et al. 2007).  407 
 The cumulative probability curves that we obtained from 50 years of simulation 408 
and 18 years of observed data showed the better performance of NT compared to CT in 409 
the long-term. The similarities between long-term observed and simulated data point out 410 
the usefulness of CropSyst as a decision tool for establishing NT as a best soil 411 
management practice under Mediterranean conditions.  412 
 413 
4.3 N fertilization effect  414 
Simulated NUE was higher when increasing the yield potential of the site, being the 415 
amount of soil water a major lever of these lasts. As previously reported by Angás et al. 416 
(2006) in the same sites, NUE decreased as the amount of fertilizer N increased. 417 
Simulated nitrate losses as leaching were very low in MYP and HYP as a result of the 418 
dry conditions of the rainfed semiarid systems of the Mediterranean with fine-textured 419 
soils where N leaching occurs after high intensity rainfalls and/or under shallow and 420 
stony soils, such as is the case of LYP (e.g. Ryan et al. 2009), leading to the loss of 421 
nitrate accumulated in the soil from previous seasons. Nitrogen mineralization values 422 
simulated by CropSyst were not affected by tillage system in LYP and HYP and were 423 
slightly higher under NT than CT in MYP. These differences observed between sites 424 
could be a consequence of the amount of crop residues returned to the soil and their 425 
management. Thus, while in LYP and MYP straw was spread on the soil, in HYP straw 426 
was removed to ease the establishment of the succeeding crop, fact that would led to 427 
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similar C inputs between tillage systems in this site. In LYP, the lack of differences of 428 
biomass production and carbon inputs to the soil between CT and NT would reduce the 429 
possibility of an increase in soil organic matter when using NT. Regarding the 430 
differences simulated by the model between NT and CT in MYP, some authors reported 431 
a higher N mineralization when NT is maintained in the long-term when crop residues 432 
are returned to the soil surface as a result of greater substrate available for 433 
decomposition (e.g. Franzluebbers et al. 1995; Wienhold and Halvorson, 1999). 434 
Moreover, in semiarid Mediterranean systems, the greater protection of soil organic 435 
matter within aggregates under NT (Álvaro-Fuentes et al. 2009) could be 436 
counterbalanced by the higher amount of soil water stored under NT, which would 437 
enhance microbial activity and soil organic matter decomposition (Skopp et al. 1990; 438 
Lampurlanés et al. 2016). However, according to the simulations the amount of N 439 
mineralized in CT and NT in MYP only differed by 10 kg N ha
-1
 yr
-1
. This low 440 
magnitude would not influence significantly the N fertilization strategy to use under the 441 
conditions of the experiment.  442 
Unlike tillage system, differences among N fertilization rates were more dependent 443 
on the climate conditions of the year. In very dry years, with less potential for crop 444 
production, the probability of obtaining better yield is slightly greater for 0 N. However, 445 
in years with more available water the probability of achieving 3 t ha
-1
 is only 4% with 446 
no fertilization but 24% if N fertilization is applied. In water limited areas, it is quite 447 
frequent to observe that all available water is consumed by the crop no matter the N 448 
fertilization rate. However, the simulation runs showed an impact of N fertilization on 449 
crop biomass, yield and WUE. Using the 50% probability as a selection criterion (Fig. 450 
6), it is possible to establish the optimum N fertilization strategy. With no N 451 
fertilization, the probability of yields higher than 1000 kg ha
-1
 is low. In fact, after 10-20 452 
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years, the model simulated a substantial depletion of soil nitrogen and an intense 453 
response of crop yield to N fertilizer. In very arid conditions (i.e., LYP), the model did 454 
not simulate a positive response to N fertilization. However, as the degree of aridity 455 
decreased (i.e. MYP and HYP conditions) the response to N increased but only to 456 
moderate levels of N applied (i.e. from no application to medium doses). The WUE was 457 
also affected by the N fertilization, increasing in a similar manner. In Mediterranean 458 
conditions, Pala et al. (2007) reported this same finding.  459 
The interaction of tillage systems and N fertilization and the agronomic 460 
recommendations that can be established are two main outcomes from this study. The 461 
predicted response of crop yield and WUE to N fertilization was stronger under NT than 462 
under CT (Figs. 5 and 7), because more soil water and possibly less soil nitrogen was 463 
available (Cantero-Martínez et al. 2003). According to this observation, in the 464 
Mediterranean region, it is recommendable the use of NT as soil management system 465 
with moderate applications of N fertilizers.   466 
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5. Conclusions 467 
The CropSyst simulation model simulated reasonably well the evolution of soil 468 
water content during the typical recharge periods of the Mediterranean cereal-based 469 
cropping systems. However, the model overestimated soil evaporation when rainfall was 470 
very low. The model predicted properly crop biomass and yield when the availability of 471 
water and nitrogen was not extremely limiting. Thus, the large underestimation of crop 472 
yield under drought conditions was associated with the overestimation of evaporation. 473 
Moreover, the model was not designed to predict the incidence of pests and diseases and 474 
for this reason it was not able to simulate yield reductions under these circumstances.  475 
The application of the model to generate long-term series of output variables such as 476 
crop yield, allows establishing the best strategy for tillage and N fertilization. This 477 
study, in which three locations representing a wide range of aridity conditions typical of 478 
the Mediterranean areas were used, confirmed that NT is the best alternative to improve 479 
crop yield and water use efficiency. The 50 years of continuous simulation validated by 480 
the 18-year observed data supports this conclusion. In addition, the rate of N 481 
fertilization can be reduced about 50% of the current rates due to the lack of enough 482 
available water in the soil and depending on the degree of aridity no application is 483 
needed. According to the simulated and the observed long-term data, a higher rate of N 484 
fertilization can only be applied to NT systems in which greater soil water is available to 485 
the crop. Unlike, under intensive tillage no effect of N fertilization was observed and, 486 
thus, significant reductions of N rates are possible.  487 
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Figure captions 659 
Fig. 1 Simulated (lines) and observed (symbols) total crop biomass at HYP, MYP and LYP, 660 
high, medium and low yield potential sites, respectively, during three years (1996-1999) for the 661 
tillage (NT, no tillage and CT, conventional tillage) and N fertilization rate treatments (0 and 662 
100, 120 and 150 kg ha
-1
, for the HYP, MYP and LYP sites, respectively). Please, note the 663 
different Y-axis scale between sites. 664 
 665 
Fig. 2 Simulated (lines) and observed (symbols) soil water content at the HYP and LYP (high 666 
and low yield potential, respectively) sites during three years (1996-1999) for the tillage 667 
treatments (NT; no-tillage and CT, conventional tillage) with no N applied.  668 
 669 
Fig. 3 Simulated (■) and observed (□) grain yields at the HYP, MYP and LYP (high, medium 670 
and low yield potential, respectively) sites during three years (1996-1999) for the tillage (NT, 671 
no tillage and CT, conventional tillage) and N fertilization rate (no N and high N) treatments. 672 
Vertical bars indicate the standard error. 673 
 674 
Fig. 4 Linear relationships between crop grain yield and water use for 50 simulated years at 675 
three fertilization rates under conventional (CT) and no-tillage (NT) at the HYP, MYP and 676 
LYP (high, medium and low yield potential, respectively) sites. Solid and dashed linear 677 
relationship lines correspond to CT and NT, respectively. *** indicates P≤0.001. 678 
 679 
Fig. 5 Simulated barley grain yields for 50 years as a function of tillage and N fertilization at 680 
the HYP, MYP and LYP (high, medium and low yield potential, respectively) sites. Please, 681 
note the different Y-axes between sites. Vertical bars indicate the standard error. 682 
 683 
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Fig. 6 Probability of crop yields after 50-year simulation for the three N fertilization rates and 684 
two tillage systems at the HYP, MYP and LYP (high, medium and low yield potential, 685 
respectively) sites. Please, note the different X-axes between sites. 686 
 687 
Fig. 7 Water-use efficiency (kg ha
-1 
mm) for 50-year simulation as a function of tillage and N 688 
fertilization rate the HYP, MYP and LYP (high, medium and low yield potential, respectively) 689 
sites. Vertical bars indicate the standard error. Please, note the different Y-axes between sites. 690 
 691 
Fig. 8 Probability of crop yields after 18-year of observed data and 50-year simulation for three 692 
N fertilization rates (0, 60 and 120 kg N ha
-1
) and two tillage systems (CT, conventional tillage; 693 
NT, no-tillage) in the MYP (medium yield potential) site. 694 
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Table 1. Site and soil characteristics for the 0-25 cm soil layer in the three experimental sites 2 
(HYP, MYP, LYP: high, medium and low yield potential, respectively). 3 
 4 
Site and soil characteristics Guissona 
(HYP) 
Agramunt 
(MYP) 
Candasnos 
(LYP) 
Annual precipitation (mm) 475 430 352 
Annual ETo (mm) 800 855 1224 
Annual water deficit (mm) 
a
 325 425 872 
    
Soil classification 
b
 
Fluventic Mesic 
Xerocrept 
Typic 
Xerofluvent 
Typic 
Haplocalcid 
Effective depth 100 100 50 
Soil organic matter concentration (%) 2.52 0.90 2.00 
Stoniness (% vol.) 0 0 30 
Texture Silty loam Loam Silty loam 
Particle size distribution    
Sand (%) 27.0 46.4 23.2 
Silt (%) 53.0 41.8 54.2 
Clay (%) 20.0 11.8 22.6 
Bulk density (Mg m
-3
) 1.39 1.45 1.20 
Soil water content at permanent wilting point 
(m
3
 m
-3
) 
0.150 0.050 0.125 
Soil water content at field capacity (m
3
 m
-3
) 0.316 0.310 0.270 
 
5 
a 
Calculated as the difference between mean annual precipitation and mean annual ETo. 6 
b
 According to the USDA classification (Soil Survey Staff, 1994). 7 
Table
 1 
Table 2. Crop parameters required by CropSyst of the barley cultivars Barbarrosa (used at 1 
Guissona, HYP), Hispanic (used at Agramunt, MYP) and Albacete (used at Candasnos, LYP). 2 
HYP, MYP and LYP stand for high, medium and low yield potential, respectively. 3 
Parameter Barbarrosa Hispanic Albacete 
Measured or estimated from field data    
Harvest index 0.43 0.42 0.39 
Maximum expected LAI 4.5 7.0 3.0 
Fraction of max. LAI at physiological maturity 0.2 0.2 0.2 
Specific leaf area (m
2
 kg
-1
) 25.7 27.9 16.6 
Maximum N concentration during early growth (%) 3.50 4.40 3.50 
Maximum N concentration at maturity (%) 1.20 1.30 1.40 
Minimum N concentration at maturity (%) 0.80 0.90 0.90 
Maximum N content of standing stubble (%) 0.40 0.75 0.70 
Area to mass ratio of residue cover (m
2
 kg
-1
) 3.50 3.50 3.00 
Maximum rooting depth (m) 1.20 1.20 1.20 
ET crop coefficient at full canopy 1.15 1.15 1.15 
    
CropSyst manual and other references    
Light to above ground biomass conversion (g MJ
-1
) 2.56 2.56 2.56 
Actual to potential transpiration ratio that limits leaf area growth 0.20 0.20 0.20 
Actual to potential transpiration ratio that limits root growth 0.20 0.20 0.20 
Optimum mean daily temperature for growth (ºC) 15 15 10 
Maximum water uptake (mm) 8.5 8.5 8.5 
Leaf water potential at the onset of stomata closure (J Kg
-1
) -2000 -2000 -2000 
Wilting leaf water potential (J Kg
-1
) -3000 -3000 -3000 
Stem/leaf partition coefficient 3.0 3.0 3.0 
Leaf duration (degree-days) 800 800 800 
Leaf duration sensitivity to water stress 1.50 1.50 1.50 
Extinction coefficient for solar radiation 0.50 0.50 0.50 
Sensitivity to water stress:    
   During flowering 0.05 0.05 0.10 
   During grain filling 0.05 0.05 0.30 
Translocation to grain factor 0.30 0.30 0.30 
Decomposition time constant for residues 60 60 60 
Nitrogen uptake adjustment 1.0 1.0 1.0 
    
Calibrated    
Above ground biomass transpiration coefficient (KPa kg m
-3
) 4.90 5.60 4.20 
Degree days at emergence 120 120 120 
Degree days to maximum LAI 1140 1050 1100 
Degree days to begin flowering 1300 1200 1300 
Degree days to begin grain filling 1400 1350 1400 
Degree days to begin physiological maturity 1870 1770 1810 
Amount of residual nitrogen per soil layer (kg ha
-1
) 4.0 5.0 2.0 
  4 
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Table 2
 1 
Table 3. Statistical criteria showing the performance of the CropSyst model when 1 
simulating different soil and crop variables. Data corresponds to the conventional- and 2 
no-tillage treatments without N fertilization and with high N fertilization rates in the 3 
Guissona, Agramunt and Candasnos experimental fields i.e., HYP, MYP and LYP, 4 
high, medium and low yield potential, respectively).  5 
 6 
Statistical criteria  
Soil water content 
(m
3
 m
-3
) 
 
Aerial biomass 
(kg DM ha
-1
) 
 
Grain yield 
(kg DM ha
-1
) 
n  144  144  36 
EF  0.71  0.75  0.46 
MD  0.005  274.8  39.6 
rRMSE (%)  24  41  43 
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Table 3
